Translation of injected mRNA in oocytes of Xenopus laevis has been used as a highly sensitive and quantitative assay for interferon mRNA. Injection into oocytes of polyadenylylated RNA extracted from poly(I)poly(C)induced human diploid fibroblasts leads to the synthesis of biologically active human fibroblast interferon over a period of 24-32 hr. There is a linear relationship between the amount of mRNA injected and the interferon yield obtained over a range of 1-20 ng of injected RNA. Injection of 40-80 ng of mRNA into each of 15 oocytes, homogenized in 0.3 ml of incubation medium, gave a titer of 128-256 interferon reference units/ml of homogenate.
erence units/ml in the oocyte assay (30 ng of RNA injected per oocyte). An equivalent amount of mRNA from FS-4 cells in the shutoff phase, approximately 6 hr after induction, gave <4 interferon reference units/ml. In contrast, mRNA extracted from FS-4 cells that had been induced and maintained in the presence of 40 uM 5,6-dichloro-1-j-o-ribofuranosylbenzimidazole for 6 hr produced 64-128 interferon reference units/ ml. Polyadenylylated RNA obtained from uninduced FS-4 cells did not lead to detectable interferon synthesis (<4 interferon reference units/ml). These data provide a direct verification of the hypothesis that the shutoff of interferon production in FS-4 cells involves a regulatory event leading to the posttranscriptional inactivation or degradation of interferon mRNA. Because the inactivating mechanism is sensitive to inhibition by 5,6-dichloro-1--D-ribofuranosylbenzimidazole, a selective inhibitor of nuclear heterogeneous RNA and mRNA synthesis, it is likely that synthesis of an RNA molecule is necessary for the shutoff of interferon production.
Human fibroblast interferon is a glycoprotein with an apparent molecular weight of 21, 000 (1, 2) and is characterized by the F antigenic determinant (3) . Cultures of human diploid fibroblasts (FS-4 strain) can be induced to synthesize and secrete interferon into the extracellular medium by exposure to poly-(inosinic acid)-poly(cyticylic acid) [poly(I)'poly(C)] (4) (5) (6) (7) (8) . Ex- tensive studies with inhibitors of RNA or protein synthesis indicate that the regulation of interferon production in poly(I)-poly(C)-induced FS-4 cells is complex (7, (9) (10) (11) . Fig.   1 presents a summary of the key events thought to underlie poly(I)-poly(C)-induced interferon production in FS-4 cells, as revealed through inhibitor studies (10) .
Interferon production in FS-4 cells reaches detectable levels approximately 1 hr after the beginning of induction, rises to a peak by 2.5-3 hr, and is rapidly shut off by 6-8 hr (5, 10, 12) . Inhibitors of RNA or protein synthesis, applied before the shutoff, prevent the shutoff and lead to a continuous production of interferon for up to 4 days (7, 9, 10, 12, 13) . As a result, there occurs a paradoxical increase ("superinduction") of up to a 100-fold in the cumulative interferon yield (7, 9, (13) (14) (15) . De- tailed analyses of the kinetics of interferon production by poly(I)-poly(C)-induced FS-4 cells have led to the suggestion that the rate of interferon production in response to poly(I). 3409 poly(C) is determined by two processes (7, 16) . The inducer brings about the rapid synthesis of interferon mRNA, which is largely complete by 3 hr after the beginning of induction (5, 13, 16, 17) . Indirect evidence suggests that interferon mRNA has a half-life of [12] [13] [14] [15] hr at 370 in the presence of inhibitors of RNA synthesis (12, 13) .
Concurrently with the induction of the synthesis of interferon mRNA, poly(I)-poly(C) is thought also to bring about the synthesis of an RNA species, and possibly also of a protein species, that is responsible for posttranscriptional repression of interferon mRNA. This repressor mechanism is thought to be responsible for the rapid shutoff of interferon production by [6] [7] [8] hr after induction despite the intrinsic stability of interferon mRNA (7, 16, 18) . It has been proposed that inhibitors of macromolecular synthesis, given at appropriate times, interfere with the synthesis of components of the shutoff mechanism and hence are able to enhance interferon yield (5, 7, 9, 10, 12, 14, 15, 18, 19) .
The molecules mediating the shutoff appear to be unstable and to have an overall lifetime of only 3-4 hr (7, 16) . Furthermore, the shutoff mechanism appears to inactivate interferon mRNA in an irreversible manner (7) . It has been suggested that a translational repressor of the kind hypothesized by McAuslan (20) and by is responsible for the shutoff of poly(I)-poly(C)-induced interferon production in human diploid fibroblasts (7, 9, 14, 15) .
It has been discovered recently that polyadenylylated RNA extracted from interferon-producing human or mouse cells can be translated in wheat-germ, mouse Ehrlich ascites, Krebs-II ascites, and rabbit reticulocyte cell-free translation systems and in the Xenopus laets* oocyte, with the production of biologically active and specific interferon (24) (25) (26) .
We have used the X. Iaevts oocyte injection assay for interferon mRNA (26, 27) to carry out a direct biochemical test of the hypothesis that the shutoff of poly(I)-poly(C)-induced interferon production in FS-4 cells involves the irreversible inactivation of interferon mRNA. The results described in this communication provide strong support for this hypothesis and show that such inactivation can be prevented by 5,6-dichloro-1-/3-D-ribofuranosylbenzimidazole (DRB), an inhibitor of RNA synthesis (10, 12, 28, 29) .
MATERIALS AND METHODS Cell Cultures. A human diploid fibroblast strain (FS-4) (5, 30) has been used in all experiments (7, 19, 31) . Interferon titrations were carried out with a human cell strain trisomic for chromosome 21 (GM258) (32) Eagle's minimum essential medium for 1 hr at 37°. Interferon was assayed by means of the semimicro method using GM258 cells (30, 34 Table 1 ) was injected into 50 oocytes (80 ng of RNA per oocyte). An equivalent amount of nuclear polyadenylylated RNA (U) ( Table 1) was also injected into 15 oocytes (40 ng of RNA per oocyte). Groups of 10 injected oocytes were harvested at different times after injection and the amount of interferon synthesized was determined.
Interferon Neutralization Test. Specific antisera directed against human fibroblast interferon (anti-F antiserum) and human leukocyte interferon (anti-Le antiserum) were a gift from E. A. Havell, New York University School of Medicine, New York, NY. Interferon neutralization by antiserum was tested as described (3) . RESULTS Cell-Free Translation of Interferon mRNA. Our initial efforts were directed at establishing a reproducible cell-free translation assay for interferon mRNA based on a bioassay (30, 34, 43) to detect interferon synthesis. Polyadenylylated total cellular RNA as well as cytoplasmic and nuclear poly(A)-containing RNA were obtained from gram quantities of FS-4 cells that had been treated with poly(I)-poly(C) in the presence of cycloheximide for 4 hr (25, 26) . The mRNA preparations were translated, together with control preparations of rabbit globin and dog pancreas mRNAs, in the wheat-germ and HeLa translation systems by using previously described procedures (24-26, 41, 42) . It was our uniform experience that mRNA preparations from induced FS-4 cells stimulated incorporation of radiocative amino acids in both systems to an extent comparable to the stimulation produced by rabbit globin and dog pancreas mRNAs (approximately 25-fold in the wheat-germ system and 7-fold in the HeLa system). Nevertheless, no interferon activity was detectable in the translation products (<10 reference units/ml). Varying but not by that against human leukocyte interferon. The oocyte supernate was inactive in the interferon assay in mouse L cells.
In separate experiments, we have observed that control uninjected or mock injected oocytes as well as oocytes injected with mRNA from uninduced FS-4 cells do not yield detectable interferon activity (see Fig. 4 ).
The time-course of synthesis of interferon in oocytes after injection of cytoplasmic polyadenylylated mRNA is described in Fig. 2 . It can be seen that interferon was detectable within Table 1 and Figs. 2 and 3 ). Our overall experience indicates that variation in the oocyte assay is no greater than variation in the interferon titrations (a 2-fold error). We have used the oocyte assay to measure the concentration of biologically active interferon mRNA during different stages of interferon production in FS-4 cells.
Synthesis and Inactivation of Interferon mRNA in Human
Cells. The extraction of polyadenylylated mRNA and its translation in X. Iaevis oocytes, described in the preceding were exposed to poly(I)*poly(C) (12.5 mg/ml in Eagle's minimum essential medium) in the presence of cycloheximide (50 jg/ml) for 4 hr.
At the end of this period, the cultures were washed four times with ice-cold Pi/NaCl and the cells were harvested by scraping. The cell pellet (about 1 ml packed volume) was resuspended in one-thirdstrength reticulocyte standard buffer and the cytoplasmic and detergent-washed nuclear fractions were isolated. RNA in the two fractions was obtained by phenol extraction, and poly(A)-containing RNA was selected by poly(U)-Sepharose chromatography. Polyadenylylated RNA was dissolved in 100 gl of distilled water. Each of 30 oocytes was injected with approximately 80 ng of cytoplasmic poly(A)-containing RNA (about 150 nl per oocyte) and the oocytes were incubated for 48 hr in modified Barth's medium in a total volume of 0.6 ml. The oocytes were then homogenized in the same medium and aliquots of the clarified homogenate were assayed for interferon.
Homogenates from mock-infected oocytes did not contain detectable amounts of interferon (also see Fig. 4 ). The sensitivity of the L cells to mouse interferon and the specificity of the antisera were verified in separate control assays. * A dilution of 1:4 was tested.
section, was scaled down for smaller quantities of cells. Ten 150-mm petri-dish cultures provided enough cells (about 0.3 ml packed volume) to allow the isolation of sufficient quantities of total cellular polyadenylylated RNA. Answers to two key questions were sought. First, did the shutoff of interferon production involve a loss of translatable interferon mRNA? Second, what effect did superinducing regimens such as the presence of DRB throughout the production period have on interferon mRNA content? Fig. 4 and Table 2 present a summary of the results obtained. As reported earlier (see the introduction), poly(I)-poly(C)-induced FS-4 cells showed a burst of interferon synthesis that peaked at approximately 3 hr after induction and was shut off by 6-8 hr (Fig. 4) . In the presence of 40 ,uM DRB, the rate of interferon production showed a distinct lag and then continued at a high level for an extended period of time (up to 4 days) (12, 13) . We determined the relative content of interferon mRNA in uninduced cultures, in induced cultures near the peak of production (2.5 hr), in induced cultures in the shutoff phase (6 hr), and in cultures induced and maintained in 40MgM DRB for 6 hr. It is clear from Fig. 4 and Table 2 that the shutoff of interferon production was accompanied by a loss or inactivation of translatable interferon mRNA in induced cells. A similar result was obtained when polyadenylylated RNA from the cytoplasmic fraction was tested for interferon mRNA activity. The presence of DRB in the cultures prevented this loss or inactivation (Fig. 4 and Table 2 ). The data in Table 2 show that the low yield of interferon obtained in oocytes injected with mRNA preparations from cultures in the shutoff phase was not an experimental artifact because mRNA samples from uninduced cultures or from cultures in the shutoff phase did not interfere with the translation of known amounts of interferon mRNA. together with 40MgM DRB. The DRB-treated batch was maintained in DRB throughout the experiment. Two of the induced cultures were used to monitor the rate of interferon production by hourly medium (10 ml) change; one culture was from the DRB-free batch (o) and the other was treated with DRB (o). DRB-containing samples were dialyzed prior to the assay for interferon. At 2.5 hr, a batch of induced (*) and a batch of uninduced (A) cultures were harvested, and total cellular RNA was fractionated into polyadenylylated RNA and flow-through RNA by using a poly(U)-Sepharose column. Another batch of induced cultures (U) and the DRB-treated cultures (0) were similarly harvested at 6 hr after induction. The polyadenylylated RNA and the flow-through RNA were ethanol precipitated and dissolved in 20 and 100 ,l, respectively, of injection buffer. Approximately 2 ,l of each polyadenylylated RNA preparation was injected into 13-15 oocytes (30 ng of RNA per oocyte) and interferon synthesis was monitored.
premature to conclude that the poly(A)-lacking fraction does not contain any interferon mRNA (24) (25) (26) . DISCUSSION In previous reports, we have systematically evaluated several different hypotheses that might explain superinduction of human interferon production (for reviews see refs. 10 and 11). It has become apparent, on the basis of indirect experiments, that the enhancement of interferon production in FS-4 cells by inhibitors of RNA or protein synthesis is not related to an inhibition of intralysosomal protein degradation (19) or to an inhibition of mRNA competition during the shutoff phase (7). However, evidence has been obtained, by using inhibitors such as DRB, to implicate a posttranscriptional regulatory event in the shutoff of human interferon production, mediated by a rapidly turning over RNA and possibly by protein (9, 11-13, 17, 18, 47) . These data are generally consistent with the hypothesis that the shutoff of poly(I)-poly(C)-induced interferon synthesis in FS-4 cells is mediated by a translational repressor of the McAuslan-Tomkins type (14, 15, (20) (21) (22) (23) . McAuslan (20) and Tomkins and his colleagues (21) (22) (23) We have demonstrated that interferon mRNA is rapidly inactivated or degraded during the shutoff phase but is protected in the presence of DRB, a selective inhibitor of nuclear heterogeneous RNA and mRNA synthesis (28, 29, 48) . The fact that interferon mRNA is inactivated during the shutoff phase in FS-4 cells has also been observed by R. L. Cavalieri, E. A. Havell, S. Pestka, and J. Vil6ek (personal communication) using the oocyte assay. These results differ from those reported recently by Raj and Pitha (49) . The observation that interferon mRNA is inactivated or degraded during the shutoff phase is entirely consistent with the McAuslan-Tomkins repressor hypothesis.
A proper interpretation of the data presented in this communication requires that the bioassay for interferon correctly measure the quantity of interferon protein synthesized. At the present time, the validity of the bioassay cannot be rigorously proven. Nevertheless, Fig. 3 shows that a linear relationship exists between the amount of mRNA injected into oocytes and the interferon yield obtained over the range of 1-20 ng of RNA injected per oocyte. This realtionship (slope about 45°) suggests that the synthesis of biologically active interferon in the oocyte translation assay correctly reflects the amount of interferon synthesized, at least over this range of injected mRNA.
We have confirmed that oocytes produce active interferon that possesses the same species specificity and the same immunological characteristics as interferon synthesized by cells from wihch the mRNA was extracted (26, 27) . Furthermore, it has been shown by other investigators that, when injected into X. laevis oocytes, interferon mRNA obtained from FS-4 cells brings about the synthesis of interferon which has an apparent molecular weight of 21,000 (26, 27) .
It is known that oocytes can correctly cleave, acetylate, phosphorylate, and'hydroxylate polypeptides synthesized in response to injected mRNA (40, 50) . In preliminary experiments with rat growth hormone mRNA (P. M. Sussman, P. B. Sehgal, and C. Bancroft, unpublished data), we have observed that X. laevis oocytes accumulate the processed growth hormone polypeptide and not pregrowth hormone (51) . It appears that X. laevis oocytes efficiently accomplish the posttranslational modifications of the interferon molecule necessary to generate biologically active interferon, at least over the linear portion of the curve'presented in Fig. 3 . Our failure to observe interferon synthesis in cell-free translation systems, such as the wheat-germ system, may reflect the inability of our ce11-free systems to perform these modifications. i
The loss of translatable interferon mRNA (Fig. 4 and Table  2 ) from cells in the shutoff phase indicates that the shutoff of interferon production is not due to simple displacement of interferon mRNA from polysomes by competing cellular mRNA (52) . It 
